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Enhancing the dopability of semiconductors via strain engineering is critical to 
improving their functionalities, which is, however, largely hindered by the lack of 
fundamental rules. In this Letter, we develop a unified theory and consequently 
establish three fundamental rules to understand the strain-induced diverse 
doping behaviors in semiconductors. First, the formation energies (𝑯𝒇) of defects 
with different charge states can exhibit either parabolic (∆𝑽~𝟎) or superlinear 
( 𝒅𝑯𝒇 𝒅𝑽~ − ∆𝑽⁄ ) behaviors under strain, determined by the size of 
defect-induced local volume change ∆𝑽. Moreover, in general, ∆𝑽 increases 
(decreases) when electron is added (removed) to (from) the defect site. Second, 
the shallower transition energy levels for donors (acceptors) can be achieved 
under the compressive (tensile) strain. Third, the self-compensation of the defects 
can be reduced or even removed by strain, thus, overcoming the doping limit. In 
general, the Fermi pinning level will shift towards the conduction (valence) band 
edges of the semiconductors under compressive (tensile) strain. These three 
fundamental rules can be applied to overcome the doping bottlenecks in all the 
semiconductors. 
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The application of semiconductors in electronic and optoelectronic devices 
critically depends on their dopability. Generally, there are three important factors that 
can fundamentally limit the dopability in semiconductors: (i) the desirable defects or 
dopants (generally denoted as defects hereafter) have limited solubility, i.e., their 
formation energies (𝐻𝑓) are too high [1,2]; (ii) the desirable defects have sufficient 
solubility, but they are too difficult to be ionized at room temperature, i.e., their 
transition energy levels (TELs) are too deep inside the bandgap [1,2]; and (iii) the 
desirable defects have low 𝐻𝑓  and shallow TELs, unfortunately, the intrinsic 
compensating defects can easily form and pin the Fermi-level position (Epin) deep 
inside the bandgap, preventing the further increase of desired free carriers [1,2]. 
Comparing to (i) and (ii), (iii) is the most difficult one to be overcome as it belongs to 
the intrinsic property of semiconductors.  
 
In the past decades, strain engineering is widely adopted to enhance the 
performances of semiconductors, e.g., optimize the electronic structures [3-7], 
improve phase stabilities [8,9], generate spin currents [10], control carrier excitations 
or transports [11-13], and modulate ion diffusion paths [14,15]. It is not surprising that 
strain engineering has also been used to tune the doping performance in 
semiconductors [1,2,16-19]. However, it is rather puzzled that the strain-induced 
changes of doping behaviors for different defects in different semiconductors are 
dramatically different [1,2]. Unfortunately, a unified theory that can intuitively 
understand all these diverse doping behaviors in different systems is still lacking, 
which prevents us to establish the fundamental rules to overcome the doping 
bottlenecks in semiconductors. 
 
In this Letter, we have developed a simple but unified theory for understanding all 
the diverse strain-dependent doping behaviors in semiconductors, which can 
consequently be applied to establish three fundamental rules overcoming the above 
(i)-(iii) doping problems. First, depending on the defect-induced local volume change 
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(∆𝑉), 𝐻𝑓of defects under strain can exhibit either parabolic (∆𝑉~0) or monotonic 
(𝑑𝐻𝑓 𝑑𝑉~ − ∆𝑉⁄ ) dependences, providing a route to effectively reduce 𝐻𝑓 , thus 
increasing their solubility [problem in (i)]. Noticeably, the ∆𝑉  is charge-state 
dependent, which increases (decreases) for more negatively (positively) charged 
defects. Second, the shallower TELs for donors (acceptors) can always be achieved 
under compressive (tensile) strain, providing a guideline to realize the 
deep-to-shallow TEL transitions [problem in (ii)]. Third, the opposite changes of 𝐻𝑓  
for ionized donors and acceptors under the same strain reveal an interesting 
synergistic effect in tuning the Epin positions, i.e., the Epin level will shift towards the 
conduction (valence) band edge of the semiconductor under compressive (tensile) 
strain, thus, providing an effective way to eliminate the self-compensation problems 
in semiconductors [problem in (iii)]. 
 
A simple strain model. For a system without a defect, its total energy as a function 
of volume (𝑉), to the lowest order, follows: 𝐸(host) = 𝛼0(𝑉 − 𝑉0)
2, where 𝑉0 is 
the equilibrium volume of host lattice and 𝛼0 =
1
2
𝐵0 𝑉0⁄ , with 𝐵0 being the bulk 
modulus. Similarly, for a system with a defect, its total energy follows: 𝐸(host +
defect) = (𝛼0 + ∆𝛼)[𝑉 − (𝑉0 + ∆𝑉)]
2, where ∆𝛼 and ∆𝑉 are the changes of 𝛼0 
and 𝑉0 induced by the defect, respectively. Ignoring the high order terms, the change 
of 𝐻𝑓 (∆𝐻𝑓) as a function of 𝑉 (strain) can be derived as:   
∆𝐻𝑓 = 𝐸(host + defect) − 𝐸(host) = −2𝛼0∆𝑉(𝑉 − 𝑉0) + ∆𝛼(𝑉 − 𝑉0)
2    (1) 
Obviously, ∆𝐻𝑓 is determined by the two terms that are mainly associated with ∆𝛼 
and ∆𝑉 in Eq. (1). The ∆𝛼 is usually negligible, especially for substitutional defects 
where the chemical and size differences are small [16,20]. On the other hand, the 
defect-induced ∆𝑉 depends on the size difference between the dopant and the host 
element, therefore, is noticeable in most cases. In these cases, ∆𝐻𝑓  is largely 
determined by the first term of Eq. (1), giving rise to a linear dependence on 𝑉 (Fig. 
1a). However, if the defect-induced ∆𝑉 is not significant, the high-order second term 
in Eq. (1) could become dominant, giving rise to a parabolic change of ∆𝐻𝑓 under 
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strain (Fig. 1b), in contrast to that in Fig. 1a.    
    
As discussed in Fig. 1, the trends of ∆𝐻𝑓 under strain are mainly determined by 
the size of ∆𝑉. Since ∆𝑉 can be sensitive to the charge states of a defect, it is 
expected that dramatically different strain-dependent behaviors of 𝐻𝑓 could exist 
even for the same defect under different charge states. Consequently, a suitable strain 
can be applied to tune the TELs of a defect in a semiconductor, as the TELs strongly 
depend on the 𝐻𝑓  difference between two charge states 𝑞  and 𝑞
′  [𝜀(𝑞 𝑞′)⁄ =
[𝐻𝑓(𝑞) − 𝐻𝑓(𝑞
′)] (𝑞′ − 𝑞⁄ )]. Based on these understandings, some fundamental rules 
of strain engineering of doping performance could be observed. 
 
Rule No. I: strain-dependent ∆𝑯𝒇. To demonstrate the mechanisms proposed in 
Fig. 1, taking GaN as a typical example, we have employed the first-principles 
calculations (See computational methods in Supplemental Material [21]) to study the 
strain effects on the ∆𝐻𝑓 of intrinsic defects and external dopants in this system. First, 
we consider N vacancy (VN) (Fig. S1 [21]), the dominant intrinsic defect, in GaN 
[22,23]. As shown in Fig. 2a, ∆𝐻𝑓 of VN in its neutral charge state (VN
0
) exhibits 
mostly a parabolic dependence of strain, i.e., its 𝐻𝑓 tends to decrease under both 
compressive and tensile strains. Therefore, it is expected that ∆𝐻𝑓 of VN
0
 is mostly 
determined by the second term of Eq. (1) (Fig. 1b). Indeed, we confirm that a rather 
small value of ∆𝑉 (∆𝑉~-1.87 Å3 per VN
0
 based on our DFT calculations) exists for 
VN
0
 (Fig. 2d). The negative sign of ∆𝛼~-0.06 suggests that the local bulk modulus is 
reduced with the formation of VN, as expected. Interestingly, when VN
0
 is converted 
to the +1 state (VN
+1
), its local volume is significantly reduced to ∆𝑉~-7.3 Å3 per 
VN
+1
 due to the reduced charge occupation, giving rise to a large left-shift of its 
energy curve in Fig. 2d. Consequently, differing from VN
0
, ∆𝐻𝑓 of VN
+1 
is now 
mainly determined by the first term of Eq. (1) (Fig. 1a), i.e., 𝐻𝑓 linearly decreases 
(increases) under compressive (tensile) strain. Remarkably, a small -2% strain can 
greatly decrease the 𝐻𝑓 of VN
+1 
by 0.76 eV. Compared to VN
+1
, the linear slope of 
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∆𝐻𝑓 for VN
+3 
is only slightly larger than that for VN
+1
 due to the similar ∆𝑉 in both 
charge states, a reflection of Coulomb interaction between the defects and its local 
environment, as shown in Fig. 2a. The similar charge-state-dependent ∆𝐻𝑓 have 
been also observed for VC in SiC (Fig. S2 [21]).  
 
Second, we consider the substitutional doping in GaN. In order to understand the 
size effects of dopants, O and S are selected as n-type dopants, while Mg and Be are 
selected as p-type ones (Figs. S3-S6 [21]). For the case of ON
0
, the electronic 
environment around the anion site induces a positive ∆𝑉~+5.59 Å3 per ON
0
 (Fig. 2e). 
As shown in Fig. 2b, the ∆𝐻𝑓 of ON
0
 is dominated by the first term of Eq. (1), 
resulting in a linear increase (decrease) of 𝐻𝑓 as a function of compressive (tensile) 
strain. When ON
0
 is ionized to ON
+1
, its ∆𝑉 largely shrinks to a negative value of 
~-5.75 Å
3
 per ON
+1
, which can largely left-shift its energy curve in Fig. 2e. 
Consequently, the linear slope of ∆𝐻𝑓 for ON
+1
 is inverted compared to that of ON
0
. 
Differing from ON, as shown in Fig. 2f, the larger ionic size of S than N induces a 
much larger ∆𝑉 after SN doping (∆𝑉~+17.72 Å
3
 per SN
0
), giving rise to a much 
larger linear slope of ∆𝐻𝑓. When SN
0
 is ionized to SN
+1
, its ∆𝑉 largely shrinks to a 
(still positive) value of ~+6.13 Å
3
 per SN
+1
, with a significant left-shift of its energy 
curve in Fig. 2f. As a result, the linear slope of SN
+1
 would be reduced compared to 
that of SN
0
. Therefore, depending on the initial dopant size difference at neutral charge 
states, the n-type ON
+1
 and SN
+1
 can have an opposite linear dependence of ∆𝐻𝑓. 
However, ∆𝑉 always decreases when electron is removed from the dopant site (more 
positively charged) and 𝐻𝑓 follows 𝑑𝐻𝑓 𝑑𝑉~ − ∆𝑉⁄ . 
 
Third, we consider the p-type doping in GaN. The ∆𝑉  of MgGa
0
 is positive 
(∆𝑉~+4.06 Å3 per MgGa
0
) (Fig. 2e) due to the larger ionic size of Mg than Ga, which 
can further expand when it is ionized to MgGa
-1
 (∆𝑉~+8.73 Å3 per MgGa
-1
). Therefore, 
the MgGa
-1 
can have a similar linear but enlarged slope effect after it is ionized. On the 
other hand, ∆𝑉 for BeGa
0
 (∆𝑉~-3.26 Å3 per BeGa
0
) is negative due to the small size of 
Be and after it is negatively charged, forming BeGa
-1
, again, the ∆𝑉 increases to 
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~-1.07 Å
3
 per BeGa
-1
. Because of the rather small (absolute) value of ∆𝑉, ∆𝐻𝑓  of 
BeGa
-1
 exhibits mostly a parabolic dependence of strain, as shown in Fig. 2c, differing 
from that of BeGa
0
. From the analysis above, we can reach the first rule (Rule No. I) 
that under strain, the ∆𝐻𝑓 of defects or dopants in semiconductors can have either 
parabolic (∆𝑉~0) or linear (∆𝑉≠0) dependence, i.e., 𝑑𝐻𝑓 𝑑𝑉~ − ∆𝑉⁄ . Here, the 
dopant-induced ∆𝑉 is charge-state-dependent, it increases (decreases) when electron 
is added (removed) to (from) the dopant site. We want to emphasize that this rule is 
independent of both the sizes of supercell calculations (Fig. S7 [21]) and the 
substitutional positions at either cation or anion sites (Fig. S8 [21]). 
      
Rule No. II: strain-dependent TELs. The charge-state-dependent ∆𝐻𝑓 for a defect 
under strain indicate that its TELs could be effectively tuned by the strain effects. 
Again, taking the defects in GaN as examples, Fig. 3 demonstrates this novel 
strain-controlled deep-to-shallow TEL transitions. For VN, since the ∆𝑉 of VN
0
 is 
larger than that of VN
+1
 (and VN
+3
) (Fig. 2a, Rule No. I above), in order to make its 
donor-like TELs shallower (with respect to CBM), one can apply a compressive strain 
to lower the 𝐻𝑓 of VN
+1
 more than that of VN
0
. Indeed, our TEL calculations shown 
in Fig. 3a confirm our design principle. Without strain, the 0/+ TEL of VN is located 
at 0.14 (CBM-0.14) eV below CBM, agreeing with previous calculations [22]. A 
small -2% strain can lower the 𝐻𝑓 of VN
+1
 much more than that for VN
0
, giving rise 
to a much shallower 0/+ TEL, i.e., shifted from CBM-0.14 eV to CBM+0.41 eV 
(above the CBM). Generally, the more negative the strain, the shallower the 0/+ TEL 
(inset of Fig. 3a). 
 
For the n-type ON, the compressive strain can increase (decrease) 𝐻𝑓  of ON
0
 
(ON
+1
), consistent with what is expected from Rule No. I, since the ∆𝑉 of ON
+1
 is 
smaller than that of ON
0
. Due to their novel opposite charge-state-dependent linear 
slopes (Fig. 2b), the 0/+ TEL of ON becomes shallower (with respect to CBM) when a 
compressive strain is applied. As shown in Fig. 3b, the calculated 0/+ TEL of ON is 
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dramatically changed from CBM-0.31 eV to CBM+0.75 eV under a -2% strain, i.e., 
ON becomes spontaneously ionized when it is compressed. Similarly, a +2% strain can 
shift the 0/- TEL of p-type MgGa from VBM+0.3 eV to VBM-0.15 eV, as shown in 
Fig. 3c. Similar to the case of ON (MgGa), a compressive (tensile) strain can also be 
applied to make the 0/+ (0/-) level of SN (BeGa) shallower. These findings have also 
been observed in other semiconductors (Fig. S2 [21]). The above discussions can 
drive us to the Rule No. II that the compressive and tensile strains are always 
beneficial for the deep-to-shallow transitions for donor and acceptor TELs in 
semiconductors, respectively. 
 
Rule No. III: strain-dependent Epin. The first and second rules demonstrate that 
the strain can always induce opposite changes of TELs for donor and acceptors, which 
reveal an intriguing synergistic effect of strain engineering of Epin positions in 
semiconductors. The Epin level is determined by the compensating defects holding 
opposite charge states in semiconductors. It is known that n-type Epin-n and p-type 
Epin-p positions set up the doping limits of n-type and p-type doping, respectively, in 
semiconductors with high CBM and low VBM, which is an intrinsic problem of 
semiconductors that are difficult to overcome [1,24] .  
 
Basically, based on the doping limit rules, a semiconductor with low VBM, e.g. 
GaN [24], is difficult to be doped p-type, while a semiconductor with high CBM, e.g. 
ZnTe [25], is difficult to be doped n-type. For GaN, Mg (MgGa) has been widely 
selected as a p-type dopant [2,22,26], which has an 0/- TEL calculated to be at about 
VBM+0.3 eV, agreeing well with previous calculations [27,28]. However, when 
Fermi level is shifted towards VBM after MgGa doping, the spontaneous formation of 
VN
+3
 can compensate the p-type doping induced by MgGa
-1
, giving rise to a deep Epin-p 
position locating at VBM+0.7 eV, again agreeing with previous calculations [23], as 
shown in Fig. 4a. Therefore, although the 0/- TEL of MgGa is relatively shallow, its 
p-type doping performance is strongly downgraded by the formation of VN
+3 
killer. To 
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reduce Epin-p position in GaN, one needs to increase the 𝐻𝑓 of VN
+3
 but decrease the 
𝐻𝑓  of MgGa
-1
, which can be perfectly achieved under a tensile-strain-induced 
synergistic effect. Indeed, our calculations confirm that the 𝐻𝑓 of VN
+3
 (MgGa
-1
) can 
gradually increases (decreases) as a function of tensile strain, as 𝑑𝐻𝑓 𝑑𝑉~ − ∆𝑉⁄ . As 
shown in Fig. 4c, remarkably, a +3% strain can greatly reduce the Epin-p position from 
VBM+0.72 eV to VBM+0.08 eV, consequently giving rise to around ten orders of 
magnitude improvement of hole concentrations at room temperature.  
 
For the case of ZnTe, Cl (ClTe) is commonly used as a n-type dopant [29,30] with a 
calculated 0/+ TEL at CBM-0.43 eV, agreeing with the previous calculations [31]. 
Unfortunately, the spontaneous formation of VZn
-2
 can largely pin the Epin-n position 
deeply inside the bandgap (CBM-0.84 eV), preventing the ionization of ClTe. 
Interestingly, a compressive-strain-induced synergistic effect can greatly decrease the 
𝐻𝑓 of ClTe
+1
 but increase the 𝐻𝑓 of VZn
-2
, giving rise to the shift of Epin-n position 
towards CBM (Fig. 4b). As shown in Fig. 4d, our calculations confirm that the Epin-n 
positions linearly move towards CBM as a function of strain, e.g., the Epin-n position 
can be tuned from CBM-0.84 eV (ɛ=0) to CBM-0.35 eV (ɛ=-3%), giving rise to 
around eight orders of magnitude increase of electron concentrations at room 
temperature. We emphasize that our conclusion on this synergistic effect is maintained 
under the biaxial strain (Fig. S9 [21]). Based on the above understandings, we can 
arrive the Rule No. III that a compressive (tensile) strain is always beneficial for the 
realization of a shallower Epin-n (Epin-p) position. Similarly, a semiconductor grown on 
the substrate with a smaller (larger) lattice constant is beneficial for achieving 
high-performance n- (p-) type doping.  
  
In summary, we have developed three fundamental rules for understanding the 
diverse strain-dependent doping behaviors in semiconductors, which can 
consequently overcome doping problems related to 𝐻𝑓, TELs, and Epin, respectively, 
as demonstrated by the first-principles calculations on several exemplary 
semiconductors. Generally, these fundamental rules can be applied to control doping 
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and simultaneously overcome the doping bottlenecks in semiconductors via simple 
strain engineering.  
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Fig 1. Schematic plotting of changes of total energies (black arrows) for a host with and without a 
defect (or dopant) under strains (volume changes), which are determined by the (a) first and (b) 
second terms of Eq. (1), respectively. See text for more details. 
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Fig 2. (a) Change of formation energies (∆𝐻𝑓) for the N vacancy (VN) in GaN with different 
charge states under strains. (b) Similar to (a) but for n-type (ON) and p-type (MgGa) substitutional 
dopants in GaN. (c) Similar to (a) but for n-type (SN) and p-type (BeGa) substitutional dopants in 
GaN. Schematic plotting of changes of total energies for (d) VN, (e) ON and MgGa, and (f) SN and 
BeGa, respectively.  
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Fig. 3 (a) Formation energies of VN as a function of Fermi level in GaN without and with a -2% 
strain, respectively. Inset: strain-dependent 0/+ TELs for VN. (b) Formation energies of ON (MgGa) 
as a function of Fermi level without and with a -2% (+2%) strain, respectively. Inset: 
strain-dependent 0/+ and 0/- TELs for ON and MgGa, respectively. (c) Similar to (b) but for SN and 
BeGa in GaN. The N-rich condition is adopted for all the calculations. 
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Fig. 4 (a) Formation energy of external MgGa and intrinsic compensating VN in GaN without and 
with a +3% strain. Epin-p positions are marked by the vertical dashed-lines. (b) Formation energy of 
external ClTe and intrinsic compensating VZn in ZnTe without and with a -3% strain. Epin-n 
positions are marked by the vertical dashed-lines. (c) Epin-p position and the ratio of increase of 
hole concentrations (nh) as a function of strain in GaN. (d) Epin-n position and the ratio of increase 
of electron concentrations (ne) as a function of strain in ZnTe.  
 
